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Storing and delaying optical signals plays a crucial role in data centers, phased array antennas,
communication and future computing architectures. Here, we show a delay scheme based on cas-
caded Brillouin light storage, that achieves multi-stage delay at arbitrary positions within a photonic
integrated circuit. Importantly these multiple resonant transfers between the optical and acoustic
domain are controlled solely via external optical control pulses, allowing cascading of the delay
without the need of aligning multiple structural resonances along the optical circuit.
The recent development of integrated photonic circuits
benefits a range of applications, such as optical communi-
cation and signal processing [1–3], phased array antennas
[4], LIDAR [5], optical and microwave delay lines [6–9]
and future computing architectures that include photonic
interconnects [10–12]. In particular, with the rapid rise
of integrated photonic circuits which allow signal pro-
cessing in small-footprint devices, storing and delaying
optical signals is crucial and on-chip delay schemes that
can achieve large delays and bandwidth are indispens-
able. Long low loss waveguides can be fabricated to
achieve a delay purely caused by the long physical path
[13] but are not adjustable. Most on-chip approaches rely
on resonant structures, such as rings [14–18] or photonic
crystals [19–21], to achieve tunable delays in a small foot-
print, however the bandwidth is limited and the optical
frequency is restricted to the resonances. Alternatively,
stimulated Brillouin scattering (SBS) induced slow-light
was implemented on chip [22], however the fractional de-
lay was limited to below unity.
On the other hand it was recently shown that instead
of reducing the group velocity of light a delay of an opti-
cal pulse can also be achieved by resonantly transferring
it to an acoustic wave and retrieving it, within the con-
straints of the acoustic lifetime [23, 24]. This Brillouin
based storage scheme allows for a large bandwidth, co-
herent storage and delay exceeding what is feasible using
SBS slow-light schemes [24, 25].
Here, we report multi-stage operation of Brillouin-
based light storage via cascading of the storage process.
Within one photonic circuit light is transferred several
times from the optical domain to the acoustic domain
and vice versa. The whole process is governed solely by
external optical control pulses and this allows for full spa-
tial control over the storage process as we show light stor-
age at multiple positions in the photonic circuit. With
the multi-stage Brillouin-based light storage, we demon-
strate the cascaded storage of an optical pulse two times,
for 3 ns each, leading to an overall delay of 6 ns. Combin-
ing this multi-stage delay scheme with optical gain opens
the possibility of reaching delay times beyond the acous-
tic lifetime.
The general idea of the multi-stage Brillouin memory
is shown in an artist impression in Fig. 1. A 1 ns-data
pulse interacts with a first pair of counter-propagating
write pulses at position 1 in the photonic integrated cir-
cuit and is transferred to an acoustic wave. Afterwards
the first optical read pulse is retrieving the optical pulse
by transferring it back from the acoustic to the optical
domain. The retrieved optical data pulse is traveling
further in the spiral waveguide until it encounters, at in-
teraction point 2, a second pair of write/read pulses and
hence is transferred to an acoustic wave and back for a
second time. The overall delay time is determined by the
sum of the time difference t1 and t2 between the respec-
tive write and read pulses.
A more detailed view on the different stages in terms
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FIG. 1. Schematic of a planar spiral waveguide on an optical
chip. The memory is operated at position 1 where the optical
pulse is stopped for a first time and then, after it is transfered
back to an optical signal is stopped a second time at position
2.
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FIG. 2. Operation principle of the cascaded Brillouin mem-
ory. a) A data pulse and a first control pulse “write 1” are
entering the waveguide. At the position the two counter-
propagating pulses encounter each other, the data pulse is
depleted and an acoustic wave is created. b) A second con-
trol pulse “read 1” enters the waveguide and is retrieves the
optical data pulse from the acoustic wave while depleting the
later. c) A first read-out data pulse is traveling further in the
optical domain. d) A third pulse, “write 2”, stores the optical
pulse for a second time as an acoustic wave at position 2. e)
A fourth pulse, “read 2”, reads out the acoustic wave. f) A
data pulse, delayed by sum of the individual storage times as
acoustic phonons, exits the waveguide.
of pulse propagation and the transfer between the opti-
cal and acoustic domain is given in Fig. 2. The optical
data pulse with carrier frequency ωdata is coupled into
the waveguide from the left. This data pulse encounters
a train of four counter-propagating control pulses sepa-
rated by time intervals t1 = 3 ns, t2 = 2 ns and t3 = 3 ns.
The control pulses’ carrier frequency ωcontrol is offset from
the data carrier by the Stokes shift ΩB = ωdata−ωcontrol.
Within the control pulse train, pulses 1 & 3 serve as
“write”, and pulses 2 & 4 as “read” pulses. The first
“write” pulse converts the data to a coherent acoustic
wave via the Stokes-process of SBS (see Fig. 2a,b). The
data is then back-converted to the optical domain by
the first “read” pulse via the anti-Stokes process (see
Fig. 2b). The information travels some distance as an
optical pulse (Fig. 2c) before the “write”–“read” cycle
is repeated (see Figs. 2d,e & f). This double process de-
lays the data pulse by the time t1 + t3 with respect to
free propagation. Spurious interactions between data and
control pulses and reflections thereof can create signals
at other combinations of t1, t2 and t3, but the double-
encoding process is the only way to obtain a signal at
t1 + t3. Our values for t1, t2 and t3 allow us to unam-
biguously separate this from any spurious response and
thus demonstrate the repeated encoding and decoding of
optical information as an acoustic signal.
The storage medium used for the on-chip demonstra-
tion of the cascaded opto-acoustic light storage is a
chalcogenide glass As2S3 waveguide. The planar rib
waveguide structure has a cross-section of 2.2 µm by
800 nm and a total length of 46 cm and is arranged as
a spiral on the photonic chip to ensure a small footprint.
Details on the fabrication methods of the chip can be
found in Ref. [26]. Record SBS gain could be observed
in this type of waveguides with a specific design that
embeds the chalcogenide glass between a silica substrate
and a silica over cladding which provides a large opto-
acoustic overlap [27].
The experimental setup is depicted in Fig. 3. A nar-
row linewidth laser at 1550 nm is used as a source for
both data and the control pulses. In the data arm, the
laser is first up-shifted by the Brillouin frequency shift
ΩB , in our case 7.65 GHz for the chalcogenide waveg-
uide, and then sent through an intensity modulator that
creates a 1 ns long pulses using an arbitrary waveform
generator (AWG). Two low-noise erbium doped fiber am-
plifiers (EDFA) compensate for induced losses. A polar-
ization controller before the chip adjusts the polarization
such that data and control pulses interact efficiently as
SBS is polarization dependent. In the control arm, four
control pulses are created by the second channel of the
AWG and are pre-amplified by an EDFA. The pulses then
pass through a nonlinear loop (not depicted in the setup)
which reduces the noise floor and gives us additional flex-
ibility in terms of pulse shaping. Before entering the
photonic waveguide from the opposite side, the control
pulses are amplified by an EDFA and the polarization is
adjusted. After passing through the chip and encounter-
ing the four control pulses, the data pulse is filtered by
a narrow linewidth tunable filter, in order to prevent a
spurious signal from back-reflection of the control pulses
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FIG. 3. Experimental setup. SSB single sideband modulator,
EDFA erbium doped fiber amplifier, IM intensity modulator,
AWG arbitrary waveform generator, BP bandpass filter, PD
photo diode
which are at a different frequency than the data pulses.
The pulses are detected by an electrically amplified photo
detector and observed at a 12 GHz oscilloscope.
Figure 4 shows the operation of the photonic memory
for a different number of control pulses. In the absence of
any control pulses, the output only consists of the orig-
inal data pulse (green in Fig. 4a). For comparison, the
original data is superimposed in Fig. 4b-d. When cou-
pling two control pulses into the waveguide, the original
data pulse is depleted and a read-out can be observed
that is delayed by 3 ns relative to the free propagation
through the waveguide (Fig. 4b). Note that the power
of the control pulses have to be precisely adjusted such
that the “write 1” pulse completely depletes the original
data pulse and the “read 1” pulse reads out the acoustic
wave efficiently such that we do not observe any spurious
reflections or unwanted storage operations. For example,
in case of the original data pulse not being completely de-
pleted, the second control pulse can act as another write
pulse.
Switching the memory operation from two to three
pulses (Fig. 4c), allows for a storage-retrieval-storage
process. Therefore the original data pulse is encoded and
retrieved at position 1 (compare Fig. 1) once, travels fur-
ther in the optical domain until it encounters the third
control pulse “write 2”. As a result, the data pulse is
depleted for a second time and the information is trans-
ferred to a second acoustic wave at position 2 in the pho-
tonic circuit. Hence, in Fig. 4c, there is no read-out
observed. When coupling a fourth pulse (3 ns delayed) in
the waveguide, it reads out the acoustic wave created at
position 2 and we obtain a read-out 6 ns after the original
data pulse. As mentioned above, the optical power levels
have to be adjusted carefully, such that the pulses act as
alternating write and read pulses.
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FIG. 4. Experimental results of the cascaded memory pro-
cess. a) Original data pulse. b) Read-out after 3n´s using two
control pulses “write 1” and “read 1”. c) Depletion of the
retrieved optical data pulse by operating the memory with
three control pulses: “write 1”, “read 1” and “write 2”. d)
Second read-out after 6 ns after a double storage process with
pulses “write 1”, “read 1”, “write 2” and “read 2”.
We simulated the cascaded memory using standard
coupled mode equations [28, 29] and an implicit fourth
order Runge-Kutta approach as a solver [29]. The results
of the numerical study are in qualitative agreement with
our experimental results and are presented in Fig. 5a-d.
We see a first readout after t1 for two control pulses, a
second depletion of the retrieved data in the three control
pulse configuration and a readout after t1 + t2 for four
counter-propagating control pulse. The coupled mode
equations for the optical waves (data and write/read)
and the acoustic wave under the assumption of a slowly-
varying envelope read as:
∂AD
∂z
+
n
c
∂AD
∂t
= − g0
2Aeff
QAC − 1
2
αAD (1)
− ∂AC
∂z
+
n
c
∂AC
∂t
=
g0
2Aeff
Q∗AD − 1
2
αAC (2)
2τB
∂Q
∂t
+Q = ADA
∗
C (3)
where AD is the data pulse, AC the counter propagat-
ing control pulses (write and read) and Q the traveling
acoustic wave. The other parameters are the Brillouin
gain coefficient g0, the acoustic lifetime τB, the linear loss
of the waveguide α, the speed of light c and the effective
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Simulation
FIG. 5. Simulation of the cascaded memory process. a) Origi-
nal data pulse. b) Read-out after 3n´s using two control pulses
“write 1” and “read 1”. c) Depletion of the read-out by oper-
ating the memory with three control pulses: “write 1”, “read
1” and “write 2”. d) Second read-out after 6 ns after a double
storage process with pulses “write 1”, “read 1”, “write 2” and
“read 2”.
refractive index n. The amplitudes of the optical and
acoustic waves have been normalized such that |AD/C|2
is the power in Watts and the data and control pulses
have a Gaussian shape [29]:
AD/C = A0exp
(
−1 + iC
2
t2
τ2
)
(4)
with the parameter C giving the chirp rate in GHz / ns
following the definition of [29] and τ being the FWHM.
In conclusion we have demonstrated a multi-stage de-
lay scheme implementation based on Brillouin light stor-
age, that relies on the storage of optical information as
acoustic waves. Cascaded operation is generally hard to
achieve in other delay schemes that are based on struc-
tural resonances, as one has to make sure that the multi-
ple resonances are spectrally aligned. We demonstrated
the flexibility of Brillouin light storage that does not
rely on a structural resonance but can be implemented
in a planar waveguide. Multiple transfers between an
acoustic and optical wave within a single waveguide was
shown by sending in a cascade of write and read pulses.
These multiple transfers are completely determined by
the shape and temporal separation of the external con-
trol pulses, which does not require any intervention be-
tween the transfers and hence show the great control of
the coherent transfer between acoustic and optical waves
that can be achieved. Besides the full spatial control
of the storage/delay operation within a photonic circuit,
the cascaded storage scheme opens the path for extended
temporal control in Brillouin based, or in a broader con-
text, phonon based light storage or delay. Combining the
cascaded operation with optical gain will allow an exten-
sion of the storage time beyond the acoustic lifetime, that
is so far a limiting factor in phonon-based light storage.
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